It is currently unknown whether and how mammalian pathogen-recognition receptors (PRR) respond to biophysical patterns of pathogen-associated molecular danger-signals. Using synthetic pathogen-like particles (PLPs) that mimic physical properties of bacteria or largeviruses, we have discovered that the quality and quantity of Toll-like-receptor-9 (TLR9)-signaling by CpG in mouse dendritic cells (mDC) is uniquely dependent on biophysical attributes, specifically the surface-density of CpG and size of the presenting PLP. These physical patterns control DC-programming by regulating kinetics and magnitude of MyD88-IRAK4 signaling, NFκB-driven responses, and STAT3 phosphorylation, which in turn controls differential T cell responses and in vivo immune-polarization, especially T-helper 1 (Th1) versus T-helper 2 (Th2) antibody responses. Our findings suggest that innate immune cells can sense and respond not only to molecular, but also pathogen-associated physical patterns (PAPPs), broadening the tools for modulating immunity, helping to better understand innate response mechanisms to pathogens and develop new and improved vaccines. peer-reviewed) 
Introduction:
Dendritic cells (DCs) are one of the most potent antigen presenting cells (APCs) in mammalian immune systems, with phenotypically, functionally and spatially unique subsets of DCs (Pulendran et al., 1999; Kadowaki et al., 2001; Colonna et al., 2004) . DCs recognize and respond to pathogens of varying sizes, physical architectures, shapes and molecular compositions. Although many of the mechanisms of DC programming are still being elucidated, most research to date has focused on the biochemical composition of pathogen associated molecular patterns (PAMPs) and how they initiate various signaling pathways and immune polarization. It is well established that DCs elicit differential immune-phenotypes in response to various pathogens, which has been partially attributed to the type of PAMPs they encounter (Piccioli et al., 2009; Cervantes-Barragan et al., 2012) . However, there is little knowledge on whether and how biophysical attributes of pathogens i.e. pathogen-associated physical patterns (PAPPs) affect DC signaling and subsequent immune responses.
PAMPs are fundamental in the design of next generation vaccines and immunotherapies as adjuvants to stimulate the immune system, though there are many limitations including unpredictable diffusion and undesired systemic toxicity (Hanson et al., 2015; Liu et al., 2014 ).
An alternative way of presenting vaccine components to immune cells is through particulate carriers, which are not only beneficial from a biomimetic point-of-view (pathogen-mimicking) but also could prevent retention unpredictability. Therefore, biomaterial-based, vaccine carriers designed to mimic pathogens (e.g. PLPs) are being widely investigated for delivery (Leleux and Roy, 2013; Ali et al., 2009; Stano et al., 2012; Ballester et al., 2015) .
We hypothesized that variation of carrier physical properties will directly affect how PAMPs interact with pathogen recognition receptors (PRRs) in innate immune cells and modulate the resulting immune response (Lynn et al., 2015) ; an aspect that likely occurs in natural infections as well. Although several previous reports have indicated basic immune response differences when antigens and adjuvants are presented on carriers of various sizes (Fifis et al., 2004; Chen et al., 2011) , the effect of TLR-ligand density and how the interplay of size and density influence PRR signaling in DCs and modulate immune responses has not been studied.
Here we investigated how fundamental biophysical patterns, mainly the density of PAMPs and the size of the PAMP-presenting entity, affect signaling in DCs, DC-subset tropism and downstream immunity. We used synthetic PLPs as a simple platform to mimic pathogen physical properties, allowing for better control of variables. Our results demonstrate that CpGdensity and PLP-size controls DC signaling dynamics, resulting in unique cytokine signatures and T cell responses. Furthermore, we observed that skin DC subsets show unique preference towards PLPs of particular size, and that changes in physical patterns translate into unique immune responses with CpG-density and PLP-size differentially controlling antibody class switching. We went on to discover that PAPP-mediated immune-polarization is dictated by the unique relationship between MyD88, NFκB and STAT3 activation kinetics in DCs.
Materials and Methods
Animals. Six-to eight week old C57BL/6 mice (Jackson Labs) were used. All animal studies were approved by the Georgia Tech Institutional Animal Care and Use Committee.
Materials. PLGA (Resomer 502H) was purchased from Sigma Aldrich. Polyethylenimine was from Polysciences Inc. (Warrington, PA). Culture materials were from Fisher. Antibodies were from Ebioscience (San Diego, CA), Biolegend (San Diego, CA) or LifeSpan Biosciences (Seattle, WA). ELISA kits were from Ebioscience. Unmodified CpG was from OligoFactory (Holliston, MA) and was evaluated for the endotoxin levels, to ensure endotoxin-free, highly pure CpG. Fluorescent CpG was from Integrated DNA Technologies (Coralville, IA). Raw-Blue reporter cells and all associated reagents were from Invivogen (San Diego).
Synthesis of PEI modified PLGA micro-and nanoparticles. PLGA microparticles
were prepared using a water-oil-water double emulsion, solvent evaporation method as previously published (Kasturi et al., 2005; Singh et al., 2008; Pradhan et al., 2014) PLGA nanoparticles were fabricated using a similar method with slight modifications.
Particle characterization. Particle size and zeta potential was analyzed using dynamic light scattering (Malvern Zetasizer Nano). Loading of protein was quantified by analyzing supernatant fractions using a Micro-BCA assay (ThermoFisher). Loading of nucleic acids was quantified either using absorbance measurements or using a Ribogreen assay (Life Technologies). Fluorescent images of dual-loaded nanoparticles were taken using a Zeiss SIM microscope.
Isolation of DC subsets. Murine DC subsets were generated using bone marrow derived in vitro culture systems (C57BL/6 mice). Bone marrow cells were cultured for 7 days in RPMI medium supplemented with 10% heat-inactivated Characterized FBS (HyClone), 1% penicillin/streptomycin, 1% 100mM sodium pyruvate, 1% non-essential amino acids and 0.5ml of 500mM 2-mercaptoethanol and supplemented with 20ng/ml GMCSF with 10ng/ml IL4 (Peprotech, Rocky Hill, NJ). Medium was replaced with supplemental growth factors on days 2, 4 and 6. On day 7, loosely adherent cells were collected.
Flow cytometry for in vitro studies. Uptake of isolated DC subsets was analyzed using flow cytometry. PDL2+ were incubated with soluble or PEI-PLGA particle loaded APC-CpG (Integrated DNA Technologies, Coralville, IA) for 24 hours. CpG dosage was kept constant at 5ug/10 6 cells. To determine activation state of DCs, cells were incubated with PEI-PLGA particles loaded with CpG for 24 hours at a 5ug/10 6 cells. Cells were analyzed for fluorescent CpG uptake and supernatant was collected for secretome analysis.
Antigen presentation of DCs to CD4+ T cells. Sorted CD4+ splenocytes (OTII) (using Miltenyi MACS kit) were cultured at a 2:1 ratio with activated DCs. Co-cultures were allowed to proceed for 72 hours after which supernatant was collected for ELISA assays.
TLR9-IRAK4 Proximity Ligation Assay. BMDCs were sorted using a Pan DC Isolation kit (Miltenyi) to ensure purity. Cells were plated onto glass coverslips and PLP formulations were added for 30 mins or 6 hours. Cells were immediately fixed, blocked and stained with anti-TLR9 and anti-IRAK4 (LifeSpan Biosciences, Seattle, WA) overnight. The following day, cells were stained using the Duolink PLA system (Sigma, St. Louis, MO). Quantification of punctae was performed using Volocity software.
NFkB and Activation Kinetics. The RAW-Blue reporter cell line (Invivogen, San Diego, CA) was used to determine CpG-dose dependent NFkB activation kinetics. Cells were cultured according to manufacturer's instructions and treated with particles for 1, 6, 24, 48, 72 or 96 hours. Supernatant was then collected and added to the QUANTI-BLUE detection medium per the manufacturer's instructions.
Phospho-STAT3 Kinetics. Magnetic bead sorted (Pan DC Isolation Kit, Miltenyi)
BMDCs were fixed, permeabilized and stained with anti-phospho-STAT3 (PY705) (BD Biosciences, NJ). Cells were then analyzed using an Accuri C6 flow cytometer (BD).
Particle distribution and DC subset analysis of draining lymph nodes. Female
C57BL/6 mice (5-6 weeks) were injected subcutaneously with 20ug of either soluble or particledelivered Alexa-647-CpG. Control mice were given saline injections. Injections were performed either one day, five days or seven days prior to lymph node isolation. Mice were also given a booster injection on day 6 to evaluate the effect of boosting. Draining lymph nodes (inguinal) were isolated and processed into a single cell suspension or frozen for cryosectioning.
Immunization protocol. Female C57BL/6 mice (5-6 weeks) were injected subcutaneously with either soluble or particle-delivered ovalbumin (10ug), and CpG (25ug).
Ovalbumin and CpG were loaded onto the same particle for those groups. Control mice were given saline injections. Mice were given three injections at two week intervals. Lymphoid organs and blood were collected one week following the final injection. Cells were either stained or restimulated. Blood was centrifuged and serum collected for IgG titer analysis using ELISA.
Lymphocyte restimulation. Lymphocytes isolated from the inguinal lymph nodes and spleen of immunized mice were restimulated with whole ovalbumin (200ug/ml) for 3 days.
Supernatants were collected and analyzed using ELISA (Ebioscience).
Lymph node and DC immunohistochemistry. Lymph nodes were frozen in OCT medium and cryosectioned at the Yerkes Pathology Center at Emory University. They were then blocked, stained and mounted. BMDCs were allowed to adhere to coverslips for 1 hour before treatment with particles. Coverslips were then washed, fixed, stained and mounted. All slides were imaged using either a Zeiss 700 Confocal microscope or a Perkin-Elmer Spinning Disk Confocal microscope.
Results

Quality and quantity of TLR9 activation is directly coupled to CpG density.
Ligand density, defined as the average number of CpG molecules per unit area of the carrier-surface, is a fundamental parameter that could have profound effects on the quality and quantity of TLR9 signaling. We designed four formulations to simultaneously test the effects of size and CpGdensity on activation of TLR9, especially the TLR9-MyD88-IRAK4 signaling pathway. We first fabricated cationic nano (~ 250 nm in average size) and microparticles (~1000 nm in average size) of poly(lactic-co-glycolic) acid, using our previously reported protocol (Kasturi et al., 2005; Pai Kasturi et al., 2006; Singh et al., 2008 Singh et al., , 2009 Singh et al., , 2011 Pradhan et al., 2014) ; thus allowing us to generate PLPs on which antigens and adjuvants of interest can be loaded together by electrostatic interactions (Table S1 and Figure S1a-b). Care was taken to ensure that the size distributions of micro and nanoparticles overlapped minimally ( Fig. 1a ). Note that the sizes of carriers were chosen to resemble that of large viruses (200-300 nm) or bacteria (1-2 microns).
Particles were then electrostatically loaded with CpG, an anionic molecule. Both maximum loading (MP max or NPmax), and a lower loading level (MPlo and NPlo) were used to formulate PLPs of high and low density and large and small sizes. Surface area of each particle was calculated to determine CpG density at maximum loading and loading density was optimized such that the low and maximum loaded formulations of each size of carriers had comparable CpG density (Fig. 1b , Table 1 ).
It is known that CpG ligation of endosomal TLR9 leads to activation and signal propagation, which can then promote transcription factor NFκB activity and induction of proinflammatory and/or anti-inflammatory programming of the exposed cell. To gain greater insight into PLP-driven DC programming, we investigated multiple points in the TLR9 -NFκB axis, including uptake, endosomal escape, TLR9 signaling through MyD88 to IRAK4, NFκB-mediated protein secretion and NFκB inhibition through STAT3 phosphorylation (an overview of the signaling cascade is shown in Fig. 1c ). We observed that when mouse BMDCs were cultured with PLP formulations carrying fluorescent CpG for 24 hours, uptake varied with respect to CpG density. Mainly, MP Max and NPMax formulations promoted accumulation of more CpG per cell ( Fig. 1e ), likely due to the increased mass ratio of CpG to PLGA in these formulations. The overall percentage of cells internalizing the CpG carriers remained similar ( Fig. 1d ).
Of PLPs that were taken up, the majority of the carriers remained co-localized with intracellular vesicle markers (i.e. EEA1 for early endosomes, LAMP1 for lysosomes and CD63 for general intracellular vesicles) indicating a similar degree of endosomal escape/retention across the various groups at early time points (Figs. S2a-c). To study TLR9/MyD88 signaling, we quantified the interactions between TLR9/MyD88 and IRAK4, a downstream signaling protein that is recruited after CpG engagement with an active TLR9 molecule (Figs. 1f-j).
Signaling occurred within 30 minutes in cells treated with MPmax and continued 6 hours after initial treatment. However, signaling was significantly delayed in cells treated with low-density PLPs (NPMax), remaining similar to untreated cells at the early time point, but increasing strongly by 6 hours post-treatment ( Fig. 1f ). This was confirmed through image-quantification of puncta . Furthermore, we concluded that MyD88-mediated IRAK4 engagement was not a size-dependent phenomenon: signaling propagated with similar kinetics when density was matched . Finally, we also demonstrated that there is a density-dependent signaling magnitude difference at 6 hours, with the low-density groups promoting more robust signal at that time point . There was also a slight increase in the magnitude of signaling for NPlo formulations over MPlo at this time point ( Fig. 1h ), but density played a larger role in this divergence.
CpG-density and PLP-size control NF-kB driven protein production and STAT3
signaling. These results led us to investigate whether the observed delay in signaling resulted in differential downstream signaling and unique production and secretion of NFκB driven proteins. NFκB controls pro-inflammatory cytokine production as well as upregulation of costimulatory molecule expression, and therefore plays a critical role in DC maturation and polarization. Interestingly, despite a delay in TLR9 signaling, cells treated with MPlo PLPs did experience rapid NFκB-driven protein secretion, equivalent to the MPmax formulations. At higher CpG doses (100ng-1ug), NFκB transcription events were evident in all groups, but were delayed in groups treated with NPlo PLPs (Figs. 2c-d (insets), S3). Protein production converged after 48 hours of treatment, and cells treated with low density PLPs continued to ramp up their protein production even 4 days following initial treatment, while maximum density PLP-treated cells showed deceasing NFκB-driven protein production. These data indicated that for downstream NF-kB driven events, both size and density play a critical role.
It is known that CpG internalization also induces a regulatory response in parallel with pro-inflammatory signals to keep the immune response in check (Samarasinghe et al., 2006) . STAT3 plays a major role in the inhibition of NFκB activity (Nefedova et al., 2005) . We therefore measured phosphorylation of STAT3 over time in various PLP treated DCs. In line with other observations, STAT3 phosphorylation was quickly induced in low-density PLP formulations, particularly in NPlo treated cells ( Fig. 2e) . It remained in a heightened state at 24 hours after treatment. This implies that the kinetics and quantity of STAT3 signaling is controlled by CpG density and PLP size; specifically STAT3 dominates signaling in NPlo treated cells in early stages of DC programming, suppressing pro-inflammatory signaling and thus potentially promoting a phenotype consistent with regulatory DC development.
Formulation valency of surface-presented molecules has become another parameter of interested recently (Bennett et al., 2015) . We calculated the valency of our formulations and determined that the valency of low density microparticle and high density nanoparticle were within the same order of magnitude ( Supplementary Table 2 .1). To determine whether valency played a major role, much like density, we statistically compared those groups in all of the data sets presented in this study ( Supplementary Table 2 .2). Less than half of our observations of these groups were significantly different, indicating that valency may play a role, but it is likely less influential than size or density.
PLP-dependent signaling promotes diverging DC and T cell cytokine profiles.
Immunomodulatory cytokine production (i.e. the DC secretome) is indicative of DC programming and provides predictive power for how DCs regulate T cell activation and subsequent systemic immune responses. We next investigated how CpG-density could be used to effectively tune DC secretome and subsequent T cell activity. Consistent with the rapid kinetics of TLR9 activation and NFκB activity, DCs treated with maximum density formulations were highly activated 24 hours following treatment, characterized by high levels of IL12p70, a highly pro-inflammatory cytokine (Fig. 3a) . IL10 secretion was similar regardless of PLP treatment (Fig. 3b ).
Cytokine secretion of CD4+ antigen-specific T cells following co-culture with treated DCs in vitro revealed profiles that correlate with the potent activation associated with maximum density formulations. Mainly, we observed high levels of interferon-γ (IFN-γ) being produced in CD4+ antigen-specific T cells when cultured in the presence of maximum density PLP-treated DCs (Fig. 3c ). IL4 secretion followed the inverse trend, with low density formulations promoting greater secretion than their maximum density counterparts (Fig. 3d ). Experiments conducted with CD8+ cells revealed similar but dampened IFN-γ production trends and also did not show significant differences in IL4 production regardless of treatment (S4a-b). This begins to provide a framework for the important role that physical patterns (PAPP) play in controlling T-cell mediated systemic immunity (Fig. 3e ).
PLP size influences DC subset migration to draining lymph nodes.
A significant body of recent work has investigated how size affects the ability of particulate formulations to traffic to the draining lymph nodes, either through passive lymphatic drainage or active phagocyte transport (Reddy et al., 2006; Swartz et al., 2008; Gerner et al., 2015) ; but little is known on which immune cell subtypes are targeted by particles of a specific size-range and how that differential tropism, if any, effects immune polarization. To confirm that both microand nano-PLPs traffic from skin to dLNs, we injected mice with PLP formulations loaded with fluorescent CpG oligonucleotide subcutaneously and collected draining (inguinal) lymph nodes 24 hours later. We observed that both micro and nano-PLPs were located in T cell zones ( Fig.   4a left, right, respectively). Large amounts of micro-PLPs were also present in the periphery of the dLN and are likely associated with cells of the lymphatic sinuses, as described previously (Gerner et al., 2015) . Overall, micro-PLPs facilitated greater trafficking of CpG to draining lymph nodes at 24 hours, either by migratory DCs or passive drainage (Fig 1b, inset) . To further probe which migratory cell types are responsible for transporting PLPs from the injection site over time, we first analyzed DC (CD11c+) and macrophage (CD169+) compartments to confirm that DCs were responsible for a large portion of the PLP transport. We did find substantial quantities of CpG+ PLPs in both, as expected. Interestingly, there does seem to be a maximum density preference in both cell types (Fig 4b-c) . We then stained cells isolated from dLNs for multiple DC subsets known to be present in the skin (Fig 4d) . For these studies, lymph nodes were collected 1 day following the initial injection.
These studies confirmed that some skin-resident DC subsets exhibit unique sizedependent preferences for PLPs. Mainly, PDL2+CD301b+ dermal DCs and CD103+ crosspresenting dermal DCs both exhibited a preference for nano-PLPs, particularly when comparing low-density formulations (Figs. 4e-f ). Finally, we analyzed all DC subsets that were CpG+ to determine which subsets were responsible for transporting PLPs. PDL2+ dermal DCs made up over 85% of the CpG+ cells for all formulations (Fig. S4a) . Interestingly, the BMDC culture system we have adopted promotes high expression of PDL2, further confirming the validity of our in vitro findings (Figs.4b-c) .
In vivo systemic immunity can be controlled by PAPPs.
To identify whether physical patterns of CpG-carriers (CpG-density and PLP-size) can be utilized to modulate adaptive immunity polarization in vivo, we employed a vaccination model using ovalbumin (OVA) as the model antigen, which has been widely utilized to study immune responses (Moon et al., 2011; Hanson et al., 2015) . In our in vitro studies, we showed that PAPPs play an essential role in directing DC-mediated CD4+ T cell behavior. Helper T cells provide signals to lymphoid resident B cells to promote class switching of secreted antibodies, which occurs in the germinal centers of lymphoid organs. Therefore, we first studied the functionality of activated B cells in vaccinated mice. Delivery of vaccine components on polymer PLPs increased the production of IgG1 over soluble vaccines (Fig. 5a, S5a) , corroborating previous observations (Hanson et al., 2015) . Strikingly, only mice that were treated with maxdensity formulations had high levels of IgG2c compared to low-density counterparts. IgG2c is a T-helper-1 (Th1) antibody isotype and is associated with a type 1 cytotoxic response (Fig. 5b-c) and anti-bacterial immunity. Furthermore, size seems to play a corresponding role in Th1 class switching, evidenced by statistically increased levels of IgG2c in mice treated with microformulations, independent of density ( Fig. 5b-c, S5b-c) . We also demonstrated increased germinal center formation and IgG production in inguinal lymph nodes of all treated groups by immunohistochemistry ( Fig. 5d, S5d-e ), indicating that all were immunologically active.
To confirm that the observed systemic response was indeed T cell mediated, we restimulated LN cells from vaccinated mice with whole OVA antigen and evaluated their secretome. We first characterized the CD4:CD8 ratio in dLNs and determined there is only a slight increase in the ratio in mice treated with low-density MPs (Fig. S6a ). This may be correlated with a slight increase in regulatory T cells in the same mice (Fig. S6b ). IFN-γ was produced in greater amounts in low density -PLP treated mice at this time point in both LN and splenic compartments (Figs. 5e, S7a, S8a) . IL4 was not produced in very large amounts regardless of treatment (Figs 5f, S7b) . Interestingly, LN (and spleen) lymphocytes of mice treated with NPlo-PLPs secreted the anti-inflammatory cytokine IL10 in greater quantities than NPmax or MP formulations, indicating higher regulatory activity (Figs. 5g, S8c, S8c) . IL17 was preferentially secreted in mice that were treated with LV-PLPs (Figs. 5h, S7d) . These observations clearly establish unique PAPP-driven immunological effects, confirming the importance of physical patterns in vaccine design.
Discussion
T cell maturation is a hallmark of an effective immune response and is critical for both killing of infected and cancerous cells as well as building a potent humoral response (Jung et al., 2002) . It has been appreciated for decades that DCs play an essential role in initiation of adaptive immune responses by presenting antigens and stimulatory signals to dictate subsequent T cell responses (Kapsenberg, 2003) . Recent literature has expanded on the breadth of DC mediated responses, including functional characterization of many subsets (Guilliams et al., 2010) , highlighting the importance of investigating how vaccine components interact with each of these subsets differently and what consequences this has for downstream immunity.
Biomaterials are currently being increasingly used in vaccine design to gain greater control of immunomodulatory effects, but the degree to which material properties, particularly adjuvant density, contribute to the efficacy and potency of the vaccine is not well understood (Elamanchili et al., 2004; Pradhan et al., 2014) . While Bandyopadhyay et al. studied the effect of the targeting ligand DEC-205 density on DC uptake (Bandyopadhyay et al., 2011) , there are no studies to our knowledge that expand this investigation to PAMP-density. Carrier size has been studied extensively, but there is neither a consensus on how size affects DC uptake and maturation uniquely by subset or whether particle size can be used to modulate peripheral DC-mediated T cell immunity. Moreover, there is a distinct lack of information regarding how DC signaling is affected by these parameters. We have shown that not only are PLPs taken up by different peripheral DC subsets in a size dependent manner but their migration to draining lymph nodes and T cell engagement also varies with size. All of these advances will educate the design of vaccines and immunotherapies to improve not only overall efficacy, but also direct immunity to the most appropriate adaptive response for a given indication.
Interestingly, our findings also suggest that PLPs that mimic bacteria or viruses in size (micro-PLPs and nano-PLPs, respectively) also promote responses that are similar to the corresponding pathogen. For example, T cells are driven to secrete IFNγ after bacterial infection, which has been shown to promote antibody class switching to IgG2c (Barr et al., 2009; Havell, 1982; Klinman et al., 1996) . This allows bacterial cells to be targeted, tagged (with IgG2c antibodies) and cleared via antibody-dependent-cell-mediated cytotoxicity and natural killer cell activation (Catalona et al., 1981) . On the other hand, viral infections promote the activation of CD103+ cross-presenting DCs and less antibody production (Lund et al., 2003; Mothe et al., 2002) . These hallmarks align with the corresponding PLP-driven responses we've described in this study, validating the significance of the effects of this material property on the immune response.
We believe that micro-PLP's (particularly the max-density formulation) ability to promote the production of an NFκB-mediated, pro-inflammatory DC cytokine profile could explain the Th1 skewing we observe systemically. This response is in line with expected results of a CpG oligonucleotide supplemented vaccine (Pradhan et al., 2014) . The function of IL17 is still controversial but may be another mechanism by which micro-PLPs promote a response that mirrors one induced following bacterial infection (Jin and Dong, 2013) .
Nano-PLPs, on the other hand, simultaneously skew the immune response towards an anti-viral like response, as well as a more defined regulatory response in DCs, driven by STAT3.
We confirmed that low-density nano-PLPs promote STAT3-mediated induction of antiinflammatory cytokine production and inhibition of NFκB activation. Multiple modes of activation have been described for STAT3, one being through the IL10-receptor binding of extracellular IL10 (Saraiva and O'Garra, 2010) . However, based on the time scale of our observations, another mechanism must be dominant. We hypothesize that, in our system, STAT3 could be activated downstream of the PI3K pathway, which is independent of MyD88-IRAK4 activation and can be initiated very quickly after TLR activation (Brown et al., 2011; Gunzl et al., 2010) .
Furthermore, it has been shown that activation of PI3K and downstream STAT3 both result a decrease in pro-inflammatory cytokine (i.e. IL12p70) production, similar to our observation (Vogt and Hart, 2011) . Further studies need to be performed to determine whether this is one cause of the increased regulatory response observed in mice treated with low-density nano-PLPs. These novel findings enhance our understanding of the interaction between DCs and particulate vaccine carriers, as well as contributing to the control over immune modulation.
The finding that CpG-density plays a critical role in the size-driven dichotomy is established for the first time through this study. According to our observations, DC programming can be tuned by simply varying CpG-density, demonstrated here with the TLR9 agonist CpG. A recent study by Ohto et al. characterized the interaction of stimulatory CpG with TLR9, indicating that activated TLR9 dimerizes prior to signaling (Ohto et al., 2015) . Other TLRs must also cluster for robust signal propagation (Inoue and Shinohara, 2014) . Therefore, it is our hypothesis that, at low densities, the accessibility of CpG on PLPs may not be high enough to allow effective dimerization and or clustering of engaged TLR9 molecules. At later time points, only after significant accumulation of nano-PLPs (low density) in DC endosomes does CpG reach the threshold for proper signaling. This allows for other signaling mechanisms to take over and dictate DC programming.
Overall, our results provide new evidence that biophysical properties of CpG presentation, specifically ligand-density and size of presenting entity, have a distinct and profound effect on the kinetics and magnitude of MyD88, NF-kB and STAT3 signaling in DC, thereby directly modulating DC programming and the resulting adaptive immune response. This has significant implications in understanding pathogen-initiated responses in mammalian immune system and also for designing improved, precisely-tunable vaccines and immunomodulatory therapies against cancer, infectious diseases and autoimmune applications. 
